Our study attempts to identify a characteristic magnetic signature of overbank sediments exhibiting anthropogenically induced magnetic enhancement and thereby to distinguish them from unenhanced sediments with weak magnetic background values, using a novel approach based on data mining methods, thus providing a mean of rapid pollution determination. Data were obtained from 539 bulk samples from vertical profiles through overbank sediment, collected on seven rivers in the 
2008) in a range of contexts. Magnetic parameters have also been used for the assessment of pollution in fluvial sediments, and soil pollution mapping and assessment in the Czech Republic, Poland, Germany and UK (Crosby et al, 2014; Heller et al. 1998; Kapička et al. 1999; Magiera et al. 2006; Novakova et al. 2012; Petrovský et al. 2000) . However, ferrimagnetic material can also be natural in origin. Ferrimagnetic particles can be derived from rocks, originate in pedogenetic processes, be formed by ground fires in clay-rich soils and be produced by bacteria (Thompson & Oldfield 1986 ). Therefore, it is important, especially for the application of mineral magnetic techniques as chronometers and tracers, to distinguish magnetic enhancement caused by anthropogenic activities from that of natural origins.
Ferrimagnetic particles of anthropogenic origin are typically multidomain (MD) or pseudo-single domain (PSD) in size (Walden et al. 1999 ) and have a low frequency-dependent susceptibility (χ fd% ), typically below 3 % (Evans & Heller 2003; Hay et al. 1997) . Nevertheless, the same characteristics are also valid for some rock derived particles (Walden et al. 1999) . The absolute values of magnetic concentration parameters, such as magnetic susceptibility (χ), of samples with anthropogenic magnetic enhancement can vary by an order of two (Evans & Heller 2003) . Furthermore, obtaining direct evidence for anthropogenic ferriparticles in large sets of samples using SEM is time consuming and expensive. Thus, a ready means of determining a set of parameters distinguishing anthropogenically enhanced layers of sediment or soil would be highly beneficial. Oldfield (2007) used a combination of different quotients of fundamental magnetic parameters to discriminate between sediment dominated by magnetic minerals formed through pedogenesis and sediment where the dominant content was derived from bacterial magnetite. Oldfield & Crowther (2007) by guest on http://gji.oxfordjournals.org/ Downloaded from presented a distinctive magnetic signature for soils with fire induced magnetic enhancement.
The aim of this paper is to determine a distinctive magnetic signature for layers of floodplain sediment with anthropogenically induced magnetic enhancement, using cluster analyses and other data mining methods.
Cluster analyses have been used to divide samples into inherent groups in various environmental studies (e.g. Hanesch et al. 2001; Razik et al. 2015; Dekov et al. 1999; Brown & Pasternack 2004) .
The magnetic parameters included in this study are a common form of analysis, typically used in many environmental studies. The identification of a distinctive signature differentiating anthropogenic magnetic enhancement would be highly beneficial in both pollution assessment and pollution tracing studies, and research concerned with the investigation of sedimentary records of historical or legacy industrial discharges, especially in the context of on-going and future climate change and the consequences for fluvial systems and floodplain management.
Materials and methods

Study areas and materials
Data for this study was obtained from 539 bulk samples of recent floodplain sediment collected in two European regions. Chudaničová et al. (2016) provide further details of the site characteristics and context. Seven was used in this study (see Fig. 1 ). Three rivers (the Ashop River, River Ribble and River Tame) were sampled in northwest England and one profile was obtained from each (see Fig. 2 ). The catchments of all the Czech rivers sampled comprise predominantly sedimentary rocks, in particular sandstone, mudstone and loess loam. Shale, greywacke and siltstone prevail in the Morava and the Odra Rivers' catchments. Metamorphic rocks including quartzite, amphibolite, schist and gneiss, and to a much lesser extent granite, are present in the headwaters of the Morava and the Opava Rivers (Czech Geological Survey, 2015) . The catchments of the northwest England sites comprise predominantly sedimentary rocks; mudstone, siltstone, sandstone and conglomerate prevail (British Geological Survey, 2015) .
[Insert Fig. 1] [Insert Fig. 2] All the sites are situated in regions influenced by present or former industrial activities. Northwest England was an important centre of the Industrial Revolution in the UK with Manchester being a centre of textile industry and engineering. Sheffield was a centre of steel making industry which therefore lead to a high concentration of coal burning furnaces (Marshall 1974) . The eastern part of the Czech Republic lies in the Upper Silesia region, which has high air pollution caused by extensive heavy industry. There are several steelworks which are still active (see Fig. 1 ).
Particularly in the winter period high atmospheric concentrations of fly ash are reported (Czech Statistical Office 2015) . Fly ash collected on PM10 filters at a meteorological station in Ostrava (located centrally within the study region), has been found to be highly magnetic. Its magnetic concentration (measured as SIRM; see below) is positively correlated with the content of fly ash/dust collected on the filters (see Fig. 3 ).
[Insert Fig. 3] The floodplain samples were collected as contiguous samples at 2.5 cm intervals in vertical profiles in river bank exposures. Bank exposures sit above the present day river bed. Sites were preferentially selected in naturally meandering river sections with minimal local anthropogenic impact. Profiles L5 and OL1 were obtained from re-naturalised sections of rivers which had been straightened in the past. The Czech sites were chosen across the whole region, some in close vicinity to the industrial sources, some on the periphery. All the sampled rivers are aggrading, therefore, their sedimentary record reflects the characteristics of the sediment deposited during recent floods. Sedimentation can also occur through atmospheric in situ deposition, however, this is considered to be of minor influence on the sedimentary record.
In all the sampled profiles, including also those from Chudaničová et al. (2016) which are not presented in this study, magnetic enhancement typically marks out the upper part of the profiles. Fig. 4a shows the depth profiles of χ. Saturation isothermal remanent magnetisation (SIRM) and anhysteretic remanent magnetisation (ARM) are not presented, however, they exhibit the same trend as χ and correlation coefficients between them exceed 0.9 in all cases. The enhancement was identified as anthropogenically induced. The catchments of all the sampled rivers are composed predominantly of sedimentary strata, with limited exposures of metamorphic rocks. Both are magnetically weak and published values for these rocks (Dearing 1999) correspond to the background values at depth in the profiles where the sedimentary record extends beyond the zone of enhancement (L2, OD1, OP2, P1). Magnetic enhancement originating through pedogenesis or fire can be excluded, because enhancement of this origin produces superparamagnetic (SP) grains which are distinguishable by high χ fd% values (> 6 %) (Dearing et al. 1996) ; the magnetically enhanced layers of the profiles used in this study have a low χ fd% (see Fig. 4b ).
Bacterial activity can also be excluded as a source of magnetic enhancement as significant ARM values, typical for bacterial magnetite (Maher 1988) , were absent. Furthermore, the magnetic enhancement observed in the profiles shows increased S -0.1T values indicating an increase in magnetically soft minerals, such as magnetite (Walden et al. 1999 ) (see Table 1 and Chudaničová et al. (2016) .
In the following text, samples or layers are described as follows -e.g. S1 50, where S1 is label of a profile and S is derived from a river's name (e.g. the Stonávka River, see Table 1 ) and 50 is the depth of the sample within the profile (cm). Two numbers connected with hyphen, e.g. 2.5-40, refer to a layer between these depths.
[Insert SIRM is defined as IRM measured in 1 T field. S-ratio was calculated as -IRM -100mT /SIRM and therefore is labelled as S -0.1T . This is a standard formula for S-ratio, proposed by Thompson & Oldfield (1986) and Walden et al.
(1999) although other formulae may be used to calculate S-ratio, e.g. -IRM300mT /SIRM. However, both reflect the proportion of magnetite to haematite in a mixture as shown in an experiment by Frank & Nowaczyk (2008) .
Data mining methods
As an analysis input, relative parameter ratios were preferred to the Outliers in data may influence results of cluster analyses, therefore, it is important to discard them (Witten & Frank 2005) . Only sample S1 50, with very high value of SIRM/χ, compared to other samples, and sample P1 125 with extremely high, possibly erroneous value of χ fd% were removed from our dataset prior to analyses. Negative, and thus erroneous, values of χ fd% were replaced by 0.
Clustering was followed by the building of a classification model to obtain an explicit description of clusters. Classification rules were generated using the JRip method and decision trees were built by J4.8 and Simple Cart methods. All classifications were carried out in WEKA.
Results
After multiple runs of k-means cluster analysis with various k values, it was found that χ fd% does not significantly influence final clusters and causes higher errors in the classification models when included. Clustering was also unable to distinguish the only layer within the samples thought to exhibit natural magnetic enhancement (AR 55-92.2) and with a high χ fd% .
Only UPGMA algorithm was able to distinguish layer AR 65-92.5 along with samples L 80 and L 90 as a separate branch in its dendrogram. This generally poor performance is probably a result of the influence of magnetically weak samples in profile L2 and OP2 which fluctuate highly in χ fd% , from negative values up to 8 % (see Fig. 4b ). Measurements of the χ of magnetically weak samples are prone to significant influences caused by environmental influences on the measurements and thus calculated χ fd% values can be unreliable (Dearing 1999) . Therefore, it was decided to exclude χ fd% from analyses and arbitrarily add an additional rule based on our reservations about the reliability of this parameter as a discriminator.
This rule excludes samples with χ fd% higher than 6 % (Dearing & Bird 1997) from the categories identified as displaying anthropogenically induced magnetic enhancement. Thus all the models presented do not include the attribute χ fd% .
K-means clustering where k=2 divides the samples into two clusters (see Fig.5 ). Cluster 2 contains the whole of profiles L5, OL1, RT and S1. They all exhibit strong magnetic enhancement and high values of both χ and SIRM.
As mentioned earlier, sediments in profiles L5 and OL1 may have been influenced by steelworks effluents, small fragments of rusty iron were found in S1 and RT comes from a river within the urban area of Greater When k is increased to 3, profiles L5, OL1, RT and S1 remain in cluster 2.
Samples from L2 and one sample of RR are moved to the cluster 1. Cluster 1 contains magnetically enhanced samples where the enhancement is relatively low compared to that of the samples in the cluster 2. Cluster 3 comprises layers of L2, OP2, OD1 and P1 where there is no magnetic enhancement, and the bottom layer of profile AR (see Fig. 5 ).
Further increases in k cause the subdivision of former clusters into subclusters and other minor changes within clusters and does not assist in any meaningful sample discrimination. Using only three parameters for the clustering enables to visualise the data scatter in a pseudo 3D plot. Fig. 6 shows that data points are grouped into approx. three natural clusters. The Elbow method was also applied to find an optimal number of k for k-means clustering. This method is based on plotting average within cluster squared distance W k against number of k used. W k decreases monotonically with increasing k but from a point called as 'elbow' the decrease flattens markedly. This 'elbow' is considered to be the optimal number of clusters (e.g. Tibshirani et al. 2001) . Ward's method also produces three main branches which contain almost the same set of samples as the three branches of UPGMA and three clusters of k-means, therefore its results are not presented here (only in Figure 10 ). The full dendrogram can be found in the supplementary materials.
[Insert Fig. 8 ] . These rules fail to classify correctly 10 samples on average.
Discussion
All the cluster analyses were able to separate samples with natural or background mineral magnetic characteristics from those displaying anthropogenic magnetic enhancement. The anthropogenically influenced samples were divided into two clusters; one containing samples with strong enhancement, potentially influenced by steelworks effluents or iron fragments; the other including samples with weaker enhancement. All the clustering methods produced comparable results and created clusters/branches corresponding to natural clusters in the dataset (see Fig.   9 ). Table 1 ) as significant peat erosion has been reported on the moorlands of AR's catchment (Tallis 1985; Hutchinson 1995; Holden 2007 ).
The only layer within the samples displaying natural magnetic enhancement and elevated χ fd% , AR 55-92.5, was not clearly identified, although χ fd% was included in first runs of the analyses. The inability to identify this layer was probably caused by magnetically weak samples from profiles L2 and OP2 with unreliable values of χ fd% (Dearing 1999) . Some interactions were observed while obtaining a magnetic extract from our samples for SEM observations and later on in the SEM images. In addition to magnetic spherules, angular particles of similar sizes were extracted by hand magnet in an isopropyl alcohol suspension. These are probably particles of floodplain sediment, containing high amounts of Al, Si, C and also Fe and O (see Fig. 14) . In the SEM observations they were mostly clustered with the spherules (see Fig. 15 ). In the absence of magnetic spherules, only negligible quantities of these particles were extracted by this method.
[Insert Fig. 14] [Insert Fig. 15 ]
Similarly high values of SIRM/χ and SIRM/ARM ratios were also reported by Hay et al. (1997) in anthropogenically polluted UK topsoils, high values of SIRM/χ were reported for fly ash samples from coal burning power plants by Magiera et al. (2011) , and high values of SIRM/ARM were reported by Hutchinson (1993) in saltmarsh sediments influenced by steel works.
Samples in the upper left corner of the plot in Figs 12 and 13 do not fit the general trend. They are the samples of naturally enhanced layer in profile AR with a high χ fd% . SIRM/χ is low reflecting the SP size of the magnetic grains. SP grains increase χ whereas SIRM is not affected (Oldfield 1991; Thompson & Oldfield 1986 ). Further insight into the relationships in the plots (Figs 12 and 13) is not possible without further analyses, e.g. IRM acquisition curves, coercivity-related parameters or temperature dependent susceptibility.
Conclusions
All the cluster analyses employed were successful in distinguishing anthropogenic magnetically enhanced samples from those lacking enhancement implying that both categories have their own distinctive magnetic signature. Classification methods explicitly described the clusters in an efficient way, with errors lower than 3 %, providing a set of rules to identify samples with anthropogenic magnetic enhancement. These rules were predominantly based on relationships between SIRM/χ, SIRM/ARM and S -0.1T . Both SIRM/χ and SIRM/ARM increase with increasing S -0.1T , i.e.
with the increasing content of anthropogenically derived ferrimagnetic spherules. This is contrary to some experimental studies, however may be explained by impurities in the spherules or grain interaction effects. The inclusion of χ fd% in analyses was problematic. Thus an arbitrary rule was added which excluded all samples with χ fd% > 6 % from categories of anthropogenic magnetic enhancement. The approach presented provides a simple and effective way to identify anthropogenically influenced sediments.
It cannot be stated that rules of classification models are generally applicable for all samples from various geological conditions. The samples used for this study are floodplain sediment samples coming from catchments comprising more or less magnetically weak sedimentary rocks.
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